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Abstract 
This paper is focused on the physics of hypervelocity soil penetration. The influence of the shape, material and structural integrity of 
various impactors on penetration depth was investigated in the range of speeds between 0.3 and 4.0 km/s. Deviation of impactors from 
their initial trajectory, melting, erosion and spall has also been studied. Initially, with the increase in impact speed, the penetration depth 
increased. At a certain critical speed, the impactors reached their maximum penetration depth. With further increases in the impact speed 
the penetration depth declined. We developed refined analytical solutions to compute the maximum penetration depth achievable by a 
given impactor as well as its penetration depth in the region above the critical speed. These solutions accounted for the impactor weight, 
its length-to-diameter ratio and water content in soil. The results of these analytical predictions were compared with experimental data. 
Unexpected and rather damaging physical phenomena, including a fireball and unusual signals recorded by electronics, were observed in 
experiments involving hypervelocity impact against wet soil. 
© 2015 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Asia-Oceania Association for Fire Science 
and Technology. 
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Introduction 
Hypervelocity penetration of hard impactors into granular media such as sand, soil and gravel has been studied using 
experimental, finite-element and analytical methods. Penetration of ogival-nose 23.1-kg steel projectiles into soil at a speed 
near 0.3 km/s has been studied by Forrestal and Luk [1]. They developed a closed-form penetration equation for spherical 
cavity expansion and indicated the importance of the projectile nose shape and physical properties of the soil. Asymmetric 
erosion of the projectile nose caused the projectile J-hooking, bending and breaking up. Savvateev et al. [2] experimentally 
studied high-speed penetration of metal projectiles into dry and wet sand. In the range of relatively low impact speeds, the 
penetration depth increased with an increase in impact speed. However, at impact speeds exceeding approximately 1.3 km/s, 
penetration depth started decreasing due to growing levels of stress and temperature caused by friction with the sand.  
Several authors have formulated a need for physics-based analytical models. In the 1940s, a steady-state hydrodynamic 
theory had been developed to model hypervelocity penetration of long rods. Deformations of the rods and targets were 
described by equations for incompressible flow. Among the most important parameters were the ratio of the mass densities 
of the rod and target. The penetration depth of long rods and shaped charge jets was considered to be linearly proportional to 
their length: 
t
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U ,       (1) 
where L is the projectile length, and ρp and ρt are the mass densities of the projectile and target materials.  
Since the hydrodynamic theory predicts the same penetration depth for all impact velocities, Alekseevskii [4] and Tate 
[5, 6] proposed to modify it by including the effects of the material strengths of the projectile and the target. Anderson et 
al. [7] have examined the hydrodynamic approximation for long rods. They demonstrated a significant difference between 
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primary penetration, due to the steady or quasi-steady phase calculated from the hydrodynamic theory and final penetration. 
It was shown that both projectile and target strength have a measurable effect even at impact speeds above 4 km/s [7].  
The best candidate materials for hypervelocity projectiles were compared based on their mass density, Hugoniot elastic 
limit, fracture toughness, deformability and resistance to intense heat and erosion [8]. Finite element analysis [8-10] 
revealed a weak sensitivity of penetration depth to the projectile nose shape for impact speeds above 1 km/s. 
1. Formulation of the Problem 
The goal of this work was to estimate the influence of the main geometric and material parameters on high-speed 
penetration into soil. These included the impactor material (density, thermal properties and strength), their structural 
integrity (breakability) and geometry (shape, length-to-diameter ratio, etc.), and water content in the soil. We studied three 
scenarios depicted in Fig. 1: a rigid projectile, an impactor with structurally weakening holes, cracks and cavities and an 
impactor made of a hydro-reactive material.  
 
 
Fig. 1. Penetration of a rigid (a), breakable (b) and hydro-reactive (c) impactors into soil: L is the impactor length, D is its diameter and P is the penetration 
depth. 
 
Fig. 2 depicts the penetration depth as a function of the impactor speed.  There are five distinct regions representing 
different trends in the penetration process. Region I corresponds to the relatively low impact speeds where the penetration 
depth increases monotonically with the increase in the impact speed (lines 1-3). According to Newhall and Durian [11], the 
penetration depth of a hard projectile impacting a granular media (at 1 m/s) depends on the projectile density and grain 
density, and it is proportional to impact speed to the power of 2/3. Impactors with sharper noses penetrated deeper.  
With the increase in impact speed in region II, the penetration depth increases at a slower rate. Point A in Fig. 2 
corresponds to the critical speed and the maximum penetration depth achievable by a given impactor. Continued increase in 
impact speed in the region III leads to a smaller penetration depth (lines 4-6), mainly due to the extensive melting, erosion 
and sometimes structural failure of impactors. VH is the speed corresponding to the beginning of the hydrodynamic regime. 
Region IV represents a relatively constant penetration depth PH, between points B and C, which will be achieved by an 
eroded or broken impactor. This flat trend is followed by the region V with another increase in penetration depth, caused by 
the increase in the amount of the kinetic energy imparted into the soil.   
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Fig. 2. Penetration into a granular media.  Black lines – for dry sand. Blue line – for wet sand and hydro-reactive impactors. Solid and dashed lines in the 
regions I and II represent different analytical expressions for the penetration depth as a function of the impact speed and projectile shape. Point A is the 
maximum penetration depth achievable by a given impactor. Dotted line in the region III is for longer rods and dashed line is for rapidly eroding spherical 
impactors. Region IV - impactor completely eroded away or broke into pieces. Region V - increase in the penetration depth due to imparted kinetic energy.  
2. Experimental Observations and Analytical Results 
Below are some experimental results and related analytical models.  
2.1. Experiments and Theory of Savvateev et al. 
Penetration of aluminum, steel and tungsten projectiles into dry and wet sand was studied in the range of impact speeds 
between 0.8 and 3.0 km/s. The projectiles included spheres and ogive-nose rods and weighed between 7 and 30 grams. 
The projectiles followed a straight path through the sand, without tumbling or J-hooking. There was a substantial 
abrasive deterioration and melting of their noses and practically no deterioration of their rear and sides. The holes in the 
witness plates confirmed that their trajectory was close to the straight line. The diameter of the cavity in the sand was 3-4 
times larger than the projectile diameter.   
The projectiles with L/D between 8 and 12 exhibited bending. Savvateev et al., [2] stated that the best performing 
projectiles should have L/D between 5 and 7, to avoid bending and to achieve the deepest penetration into sand. 
According to Savvateev et al., [2], when the projectile speed V is below the critical speed Vc , the penetration depth is 
approximately proportional to V0.4 (it is shown as dashed line OA in the region II, Fig. 1). Savvateev et al., proposed the 
following empirical equation for penetration into dry sand: 
 
 
4.0
10 ¸¸¹
·
¨¨©
§
¹¸
·
©¨
§  
o
p
V
VE
L
DCBLDAP
U
 when V<Vc        (2) 
where P is the penetration depth (cm), L is the projectile length (cm), D is the projectile diameter (cm), V is the projectile 
impact speed, Vo = 1 km/s, A =26.2 (cm3.5/g), B =1.75 (cm3/g), C =1 (cm4/g), and E = 5.3 (cm4/g).  
The penetration depth reaches its maximum value at critical speed (point A in Fig. 2). The projectiles made of materials 
with a lower melting temperature exhibited rapid deterioration. Aluminum projectiles reached maximum penetration depth 
of 5 cm, steel balls and rods reached 24 cm, and tungsten projectiles reached 41-50 cm [2]. The maximum achievable 
penetration depth appeared to be proportional to the projectile material density.  
Savvateev et al., [2] suggested that the critical speed could be computed based on the melting temperature and the heat of 
fusion of the projectile material. They assumed that at critical impact speed, the projectile kinetic energy is equally spent for 
heating the sand and the projectile. The energy Em required for complete melting of the projectile is one-half of its kinetic 
energy:  
      bbmc TCmEmV O'  222
2
 
430   Nicholas Nechitailo /  Procedia Engineering  103 ( 2015 )  427 – 435 
yielding 
  bbbbc TCTCm
mV OO ' ' 24 ,    (3) 
where m is the projectile mass, Cb is the projectile material specific heat capacity, ∆T=Tm-To, Tm is the projectile material 
melting temperature, To is the initial projectile temperature and λb is the projectile material heat of fusion.   
According to Eq. 3, the critical speed for tungsten (WNiFe alloy with mass density of 16.5 g/cm3) projectiles should be 
2.4 km/s. In the experiments [2] the 15.6-g tungsten projectiles reached their maximum penetration depth at the impact 
speed of 1.6 km/s. The 27-g tungsten projectiles reached their maximum penetration depth at 2.5 km/s. These two data 
points suggest a close to linear relation between the weight of the tungsten projectile and its maximum achievable 
penetration depth.  
Melting temperature of steel is below that of tungsten. According to Eq. 3, the critical speed for steel projectiles should 
be 1.84 km/s. In the experiments [2], the 8-g steel balls reached maximum penetration depth in sand when their impact 
speed was around 1.6 km/s.  The 7-g steel rods reached maximum depth in sand at the speed near 2.0 km/s (Fig. 3).  
 
 
Fig. 3. Penetration depth for steel balls and rods: 1 (dark-blue diamonds)  – experimental data [2] for the 8-g steel balls; 2 (red squares) – experimental data 
[2] for the 7-g rods (L/D=12); 3 (green line) – refined analytical solution according to Eq. 4 for steel balls; 4 (brown line) – refined analytical solution (Eq. 
5) for steel balls; 5 (blue line) – refined analytical solution (Eq. 5) for steel rods with L/D=12; 6 (purple solid straight line ) - hydrodynamic limit (Eq. 1) 
for steel balls; 7 (light-blue solid straight line) - hydrodynamic limit (Eq. 1) for steel rods with L/D=12; 8 (dashed brown line) – refined hydrodynamic 
limit (Eq. 6); 9 (black triangles) – experimental data [2] for steel balls and wet sand.  
2.2. Influence of the Projectile Length 
Our analysis of the experimental data [2] revealed the following: a group of steel impactors reached approximately the 
same penetration depth of 0.24 m (Fig. 3). These impactors included the 8-g balls with diameters of 12 mm, the 7-g rods 
with the length 60 mm and diameter 4.7 mm (L/D = 12) and the 12.7-g rods with the length 20 mm and diameter 10 mm 
(L/D = 2). The influence of the projectile length on its penetration depth into sand appeared to be weaker than that 
commonly observed in the projectiles penetrating into metal targets. 
For these three geometries of the steel projectiles, Eq. 1 does not produce the same value for the maximum penetration 
depth:  
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According to Eq. 1, the longest steel rod with L3=60 mm should penetrate approximately 2 times deeper than the rod with 
L2=20mm and 5 times deeper than the spherical ball. We suggest that there is a much weaker than linear proportionality 
between the impactor length and the maximum penetration depth in sand.  
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2.3. Model Refinements for the Projectile Weight and Sand Moisture 
Our goal was to preserve the analytical approach expressed in the form of Eq. 2 and to refine and expand it for a wider 
range of the projectile weight, impact speed, and moisture content in the soil.  Analysis of experimental data allowed us to 
observe that the projectile critical speed is sensitive to its weight and L/D ratio. Heavier projectiles penetrated deeper than 
lighter projectiles: the 15.6-g tungsten projectile reached its maximum penetration depth of 0.41 m while the 27-g tungsten 
alloy projectile reached about 0.5 m [2]. The increase by 1.7 times in the projectile weight produced approximately 1.2 
times increase in the maximum achievable penetration depth.  
The penetration depth depends strongly on the sand moisture. At the impact speed of 1.6 km/s steel balls penetrated 0.24 
m in dry sand [2]. At a much smaller speed of 0.35 km/s, the same balls penetrated approximately 0.35 m in wet sand (two 
triangles 9 in Fig. 3). It can be assumed that moisture reduces projectile temperature and delays its melting. 
Our analysis and curve fit of experimental data [2] in the regions I and II resulted in the following modification of Eq.2:  
                   
4.0
1
10 ¸¸¹
·
¨¨©
§
¸¸¹
·
¨¨©
§ ¹¸
·
©¨
§  
oo
pp
V
V
W
kW
E
L
DCBLDAP
EU
, cVV 0   (4) 
where β = 1 for dry sand, β ≈ 1.5 for sand with 15% of volumetric water content, and β ≈ 3.0 for 30% of volumetric water 
content (i.e. fully saturated sand). Eq. 4 includes the projectile weight scaling factor, where Wp is the weight (grams) of a 
given projectile and the reference projectile with the weight Wo = 23 kg. The weight scaling factor was computed by using a 
linear interpolation between the experimental results [2] for gram-sized impactors penetrating into sand and the 
experimental results of Forrestal and Luk [1] for 23-kg steel projectiles penetrating into soil (speed 0.28 km/s and 
penetration depth 5.0-6.5 m). For a 2.3 kg projectile, k = 1.41, and for a 23-kg steel projectile k = 4.07.  
The projectile weight scaling factor can be further refined for smaller projectiles by considering their collision 
momentum with a granular media such as a fine powder, sand, or pea gravel. The penetration efficiency of milligram-size 
projectiles should quickly deteriorate with the increase in the size of the granules.   
 
2.4. Penetration at the Above-critical Speeds 
 
Another goal of our work was to analytically describe the declining branch of the curve in the region III. At speeds 
exceeding the critical speed, short rods and spherical balls should exhibit a more uniform melting and rather rapid erosion, 
and they should come to a full stop in soil rather abruptly. In contrast, longer projectiles should experience progressive 
localized melting in their nose portion with a gradual propagation of the melted material towards the projectile rear end. At 
above-critical speeds, longer rods should penetrate deeper than short rods. Therefore, the declining branch should fall 
slower for longer projectiles and faster for short projectiles.  
Dark-blue diamonds 1 in Fig. 3 for steel balls and dry sand revealed a rather rapid decrease in penetration depth. In 
contrast, long steel rods exhibited a slower decline at the impact speeds above 2 km/s (red squares 2 in Fig 3).   
We used a curve fit to describe these post-critical penetration patterns. Our curves started at the maximum penetration 
depth Pmax and declined according to the following expression:  
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where A =26.2 (cm3.5/g), B =1.75 (cm3/g), C =1 (cm4/g), E = 5.3 (cm4/g), and Vo = 1 km/s. Parameter F= 0.001 cm-1 
multiplied by the projectile length L represents the influence of the projectile length on the decrease in the penetration depth. 
VH is the speed corresponding to the beginning of the hydrodynamic regime.  
Based on the experimental data [2] we computed the following exponents for the metal balls: χ ≈ 0.4-0.6 and ξ ≈ 0.3-0.4. 
These represent a rapid decrease in the penetration depth in the shape of a concave curve. For the metal rods χ ≈ 3 and ξ ≈ 
0.14-0.16; these represent a slower decrease in the penetration depth and are depicted as a convex curve in Fig. 3. 
2.5. Region IV: Flat Branch of the Penetration Curve 
Further increase in the impact speed should result in all projectile material being completely melted and eroded away. 
Some materials including aluminum will spall into fragments, and some will burn. The flat branch of the curve implies that 
432   Nicholas Nechitailo /  Procedia Engineering  103 ( 2015 )  427 – 435 
the projectiles launched within a certain range of speeds will reach approximately the same penetration depth PH. Based on 
the analysis of the governing phenomena and material factors, we proposed the following expression: 
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where G ≈ 10 is a coefficient, σo-p is the yield stress of the projectile material, σo-t is the yield stress of the target material, 
Deq is the equivalent diameter of a sphere having the same volume as the projectile being considered, and the exponent α is 
varying between 0.2 and 0.4.  
In addition, we proposed an alternative approximate model, where the penetration depth PH can be estimated as one-half 
of the maximum penetration depth, i.e. PH = Pmax/2.  
2.6. Region V: Secondary Rise of the Penetration Curve   
We believe that with increasing impact speed, even a completely melted or shattered projectile will deliver increasing 
kinetic energy to the impacted region of soil. This should produce a deeper and wider crater.  
2.7. Refined Analytical Solutions for Steel Balls and Rods Penetrating into Dry Sand  
The critical speed was calculated from Eq. 2 with the following material properties for steel: specific heat capacity Cp = 
0.46 J/(g oC), the heat of fusion, λp = 289.3 J/g, and mass density 7.8 g/cm3. The computed critical speed was 1.66 km/s 
when the term λp representing the heat of fusion was not accounted for and 1.70 km/s when the term λp was accounted for.  
The rising and declining branches of the penetration curve in regions II and III were computed from Eqs. 4 and 5. These 
two branches for dry sand are shown as curves 4 and 5 in Fig. 3.  Also, Eq. 1 was used for computing penetration depth at 
higher impact speeds when steel projectiles act in a fluid-like fashion. Line 6 in Fig. 3 is for steel balls, and line 7 is for steel 
rods. A computed penetration depth of 25 mm for steel balls seems to be too low (line 6 in Fig. 3).  
In addition, Eq. 6 was employed for computing the final penetration depth of a fluid-like projectile with density and 
some strength. The yield stress of steel is 485 MPa and the yield stress of sand is 10 MPa. Mass density of steel is 7.8 g/cm3 
and the mass density of dry sand is 1.2 g/cm3. We computed the hydrodynamic limit at 1.17 m. This result is shown by the 
dashed brown line 8 in Fig. 3. Simplified criterion PH = Pmax/2 suggested a penetration depth of approximately 1.20 m.  
2.8. Penetration of Tungsten Balls into Dry and Wet Sand – Analytical Predictions and Experiments 
Tungsten spheres were 9/16” in diameter and weighed 27-28 grams. For 11.8% of the volumetric water content in the 
sand and an impact speed of 1.3 km/s, relatively little erosion of tungsten projectiles was observed: their initial weight of 
28.03 g was reduced to 27.81 g (i.e. 0.8% weight loss). For the same moisture content and the impact speed increased to 1.7 
km/s, the initial weight of 27.75 g was reduced to the final weight of 26.93 g (i.e. 3% weight loss). These two data points are 
shown in Fig. 4 as red squares 1 and 2.  
Penetration into fully saturated sand resulted in a much lower weight loss and three times deeper penetration. A tungsten 
ball with an initial weight of 28.04 g and the impact speed of 1.4 km/s had a final weight of 27.80 g (i.e. 0.8% weight loss). 
A 27.95-g tungsten ball penetrating into fully saturated sand at 1.7 km/s retained 27.80 g of its residual weight (i.e. 0.5% 
weight loss). These two data points are shown in Fig. 4 as squares 3 and 4. Overall, the low level of erosion of the tungsten 
balls can be explained by the fact that tungsten alloy has a high melting point, and its melting was not achieved in this range 
of impact speeds. 
Our analytical modeling was based on Eqs. 2, 4 and 5. The material properties of the W-Ni-Fe tungsten balls were as 
follows: melting temperature 3380oC, specific heat capacity Cp = 0.35 J/(g oC), heat of fusion 184 J/g and mass density 17 
g/cm3. According to Eq. 2, the critical speed Vc for tungsten balls should be approximately 2.18 km/s when heat of fusion is 
not accounted for, and 2.34 km/s when heat of fusion is accounted for.  
In Fig. 4, the lower green line represents our refined analytical solution for a 27-g tungsten ball and dry sand. The middle 
purple line is for the same ball and sand with 15%-water content. The upper blue curve is for the same ball and fully 
saturated sand. The purple diamonds 5 are the experimental data [2] for the 15.6-g tungsten rods with L/D=2 penetrating 
into dry sand. The black squares 6 are the experimental data [2] for the 27-g tungsten rods with L/D=4.5 penetrating into dry 
sand. The brown triangle 7 is the result of hydrocode calculations [3] for the 25-g tungsten cubes.  
 
433 Nicholas Nechitailo /  Procedia Engineering  103 ( 2015 )  427 – 435 
              
Fig. 4. Penetration depth of tungsten balls: lower green line is the analytical prediction for a 27-g tungsten ball and dry sand, middle purple line is the 
prediction for the same ball and a 15%-water content sand, and the upper blue curve is the prediction for the same ball and fully saturated sand. Red 
squares 1 and 2 – experimental data for 28-g balls penetrating into moist sand. Blue squares 3 and 4 are experimental data for 28-g balls and fully saturated 
sand. Purple diamonds 5 – experimental data [2] for 15.6-g tungsten rods (L/D=2) penetrating into dry sand. Black squares 6 – experimental data [2] for 
27-g tungsten rods (L/D=4.5) penetrating into dry sand. Brown triangle 7 is the hydrocode calculation [3] for 25-g tungsten cubes. 
2.9. Penetration of Breakable Impactors into Sand –Analytical Predictions and Experiments 
Cylindrical impactors weighed between 2.4 and 3.4 kg. There was some variation in diameters, such as a larger-diameter 
front and rear section with a smaller-diameter middle section and several longitudinal holes drilled in their nose to induce 
spall upon impact.  
During their penetration into sand, aluminum impactors shattered into multiple disc-shaped fragments. This made it 
rather difficult to measure the cavity contours and final penetration depth. The accuracy of the measured penetration depth 
was +/-0.08 m with respect to the front location of the cavity, where the most of the fragments were found. Typically, the 
cavity boundaries were visible as grayish fine powder, apparently a mix of the pulverized sand and burned aluminum with a 
distinct burning smell.   
The aluminum had a melting temperature of 660oC, specific heat capacity Cp=896 J/(g oC), heat of fusion λp =396 J/g and 
density 2.7 g/cm3. According to Eq. 2, the critical speed for aluminum impactors should be 1.54 km/s when the term λp 
representing the heat of fusion is not accounted for, and 1.99 km/s when the term λp is accounted for.  
Fig. 5 depicts three curves obtained from our predictive analytical equations. The lower green line is the prediction for 
the 2.4 kg impactors and dry sand. The middle purple line is for the same impactor and moist sand, and the upper blue curve 
is for the same impactor and fully saturated sand. Experimental data points 1-3 are for 2.4-kg impactors and points 4 are for 
2.9-kg impactors penetrating into moist sand. The black square represents a rather disappointing prediction obtained by 
using a CTH (a multi-material, Eulerian, large deformation, strong shock wave, solid mechanics code developed at Sandia 
National Laboratories) model for a 2.4-kg aluminum impactor and dry sand.  
Additional calculations based on the proposed analytical models were also performed for the 2.9-kg aluminum impactors 
and sand with 15% water content. These calculations produced a curve similar to the purple curve for the 2.4-kg projectile; 
however the maximum penetration depth increased to 0.81 m.  
The lower green line in Fig. 6 is the analytical solution for the 3.2-kg aluminum impactor and dry sand, the middle purple 
line is for the same impactor and moist sand, and the upper blue curve is for the same impactors and fully saturated sand. 
The black dots are the experimental results for 3.2-3.4 kg projectiles penetrating into the sand with 9-14% of water.  
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Fig. 5. Penetration depth for breakable aluminum projectiles: lower green line is the analytical prediction for a 2.4-kg aluminum projectile and dry sand, 
middle purple line is the prediction for the same projectile and a 15%-water content sand, and the upper blue curve is the prediction for the same projectile 
and fully saturated sand. Green hollow dots 1 – experimental data for 2.4-kg projectiles penetrating into sand through a 1-mm thick steel wall at relatively 
low speeds. Red solid diamonds 2 – similar experiments with 2.4-kg projectiles and 10-15% moist sand. Red solid dots 3 – similar experiments with 2.4-kg 
projectiles penetrating into 10-15% moist sand trough a 0.5” thick plywood wall. Brown solid squares 4 – similar experiments with 2.9-kg projectiles 
penetrating into 10-15% moist sand through a 1-mm thick steel wall. Black dot 5 - CTH calculation for the 2.4-kg projectile penetrating into dry sand. 
                  
Fig. 6. Penetration of breakable aluminum projectiles into sand. The lower green line is the analytical prediction for 3.2-kg impactors and dry sand. The 
middle purple line is for the same impactor and 15% moist sand. The upper blue curve is for the same impactor and fully saturated sand. Black dots are 
experimental data for 3.2-3.4 kg projectiles and 9-14% moist sand.  
 
2.10. Hydrogen Detonation 
Penetration of inert projectiles into dry and moist sand was rather predictable. However in one experiment, the sand was 
fully saturated with water and the ambient temperature was close to freezing. An impact of a 3.28-kg aluminum projectile at 
1.6 km/s resulted in a rather violent response which included a fireball, an explosion, sand ejecta and damaged 
instrumentation. Pieces of the nearby fixture and equipment landed 50-100 meters away [12].  
When an aluminum impactor moves through a layer of sand, aluminum oxide is abraded from the impactor surface. The 
impactor spalls forming multiple disk-shaped fragments. Hot bare aluminum becomes exposed to the water in sand. As a 
result, a hydro-reaction takes place with rapid oxidation of the aluminum and release of hydrogen gas from water. Burning 
aluminum ignites the hydrogen which leads to explosion. The electronic equipment including a high-speed video camera 
recorded unusual spikes and images indicating an electromagnetic pulse generated by the released energy.  
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3. Observations and Conclusions 
We examined the high-speed penetration of several impactors into soil and sand. It was found that impactor weight, 
strength, and soil moisture play an important role in the penetration process. For aluminum, steel and tungsten impactors 
penetrating into sand, the maximum penetration depth is not linearly proportional to the projectile length. The sensitivity of 
the penetration depth P to the impactor length L is much weaker than it is commonly assumed. According to our analysis, 
NLP ~ , where 0 ≤ κ << 1. Rods with the L/D ratio between 5 and 7 did not exhibit bending; these projectiles exhibited the 
deepest penetration into soil. For the projectiles surviving the penetration without breaking into pieces, the diameter of the 
sand cavity was about three to four times projectile diameter. 
It looks like water in sand provides for cooling and lesser erosion of the projectiles. The penetration depth of tungsten 
projectiles into fully saturated sand was three to five times larger than that in dry sand.  
Structurally weakened by longitudinal holes aluminum impactors tend to spall and penetrate into soil in the form of 
multiple disc-shaped fragments. The high-speed impact of aluminum and other hydro-reactive impactors into wet soil may 
result in a rather violent target response. This is due to the release of hydrogen gas from water, and its subsequent 
detonation inside of the perforated cavity. Electronic sensors recorded unusual signals and images. These were related to the 
electromagnetic pulse emitted by the expanding hot ionized gas and charged metal particles.  
Several refined analytical models have been developed to predict the penetration depth as a function of the impact speed, 
the most important geometric and material properties of projectiles, and sand moisture. The penetration curves start with a 
rising branch where the penetration depth increases monotonically with an increase in the impact speed. This curve reaches 
maximum penetration depth corresponding to the critical impact speed. The maximum penetration depth depends of the 
impactor material properties such as melting and erosion, and its structural integrity.  
With a further increase in impact speed beyond the critical speed, the penetration depth starts declining. This is due to the 
intensified melting and erosion of the projectile material. The decline is fairly rapid for spherical projectiles and it is slower 
for longer rods. The rate of this decline can be related to the propagation of the melted and eroded material from the 
projectile nose towards its rear end. The declining branch approaches a limit where a further increase in the impact speed of 
a fully melted or shattered projectile will produce almost the same penetration depth. Above a certain speed level, the 
penetration depth should start increasing again, due to the increase in the energy imparted into the soil. This should produce 
deeper and wider craters.  
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